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Abstract. Measurements of the isotopic composition of sep-
arate and potentially interacting pools of soil water provide a
powerful means to precisely resolve plant water sources and
quantify water residence time and connectivity among soil
water regions during recharge events. Here we present an
approach for quantifying the time-dependent isotopic mix-
ing of water recovered at separate suction pressures or ten-
sions in soil over an entire moisture release curve. We wet-
ted oven-dried, homogenized sandy loam soil first with iso-
topically “light” water (δ2H=−130 ‰; δ18O=−17.6 ‰)
to represent antecedent moisture held at high matric tension.
We then brought the soil to near saturation with “heavy” wa-
ter (δ2H=−44 ‰; δ18O=−7.8 ‰) that represented new in-
put water. Soil water samples were subsequently sequentially
extracted at three tensions (“low-tension” centrifugation ≈
0.016 MPa; “mid-tension” centrifugation ≈ 1.14 MPa; and
“high-tension” cryogenic vacuum distillation at an estimated
tension greater than 100 MPa) after variable equilibration pe-
riods of 0 h, 8 h, 1 d, 3 d, and 7 d. We assessed the differences
in the isotopic composition of extracted water over the 7 d
equilibration period with a MANOVA and a model quanti-
fying the time-dependent isotopic mixing of water towards
equilibrium via self-diffusion. The simplified and homoge-
nous soil structure and nearly saturated moisture conditions
used in our experiment likely facilitated rapid isotope mixing
and equilibration among antecedent and new input water. De-
spite this, the isotope composition of waters extracted at mid
compared with high tension remained significantly different
for up to 1 d, and waters extracted at low compared with high
tension remained significantly different for longer than 3 d.
Complete mixing (assuming no fractionation) for the pool of
water extracted at high tension occurred after approximately

4.33 d. Our combination approach involving the extraction
of water over different domains of the moisture release curve
will be useful for assessing how soil texture and other phys-
ical and chemical properties influence isotope exchange and
mixing times for studies aiming to properly characterize and
interpret the isotopic composition of extracted soil and plant
waters, especially under variably unsaturated conditions.

1 Introduction

Quantifying the residence time and connectivity of soil water
requires methods that differentiate the isotopic signature of
water pools held across different-sized soil pores and ranges
of matric tensions or suction pressures. A variety of field-
and lab-based methods are typically employed for such anal-
yses, and each separately assesses different pools of water
recovered at discrete ranges of tension (Oerter and Bowen,
2017; Orlowski et al., 2016b; Sprenger et al., 2015). These
methods effectively recover and analyze water from differ-
ent soil-pore size ranges, and only a few methods are ca-
pable of sampling hygroscopic water, i.e., the water that
forms thin films around soil particles held at matric ten-
sions greater than plants are able to extract. The “two wa-
ter worlds” (TWW) hypothesis (McDonnell, 2014) considers
that transpiration and runoff to streams derive from separate
pools of water that are incompletely mixed in time or across
pore regions in the soil. Brooks et al. (2010) presented stable
isotope evidence of ecohydrologic separation between plant
available water in smaller pore regions and mobile water
passing through preferential flow paths when smaller pores
were filled, challenging the hypothesis of translatory flow
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and establishing a mechanism to explain the TWW hypoth-
esis. However, most studies examining ecohydrologic sepa-
ration and the TWW hypothesis fail to differentiate isotopic
signatures beyond that of mobile water and bulk soil water.
More comprehensive evaluation of soil water isotopes across
multiple pore sizes and soil regions is needed to examine
recharge processes explaining the TWW hypothesis (Berry
et al., 2018; Brantley et al., 2017; Brooks et al., 2010; Mc-
Donnell, 2014; Sprenger et al., 2019). At a more fundamen-
tal level, such methods are needed to thoroughly address the
dynamics of soil water movement, mixing, and isotopic frac-
tionation (Barnes and Allison, 1988; Braud et al., 2005; Gaj
and McDonnell, 2019) to improve quantification of the water
budget and trace fluxes of nutrients via water transport in the
critical zone.

Characterization of water isotope ratios in soils involves
careful consideration of the methods used to recover soil wa-
ter; depending on the method employed, water is recovered
at different energies, and the proportion of water extracted is
dependent on the volumetric water content of the sample and
the soil water retention curve – the relationship between the
volumetric water content and matric potential, or the neg-
ative equivalent of matric tension (Sprenger et al., 2015).
The terminology for water pools recovered at different ap-
plied energies has been debated. For the purposes of relat-
ing our study to ecohydrologic separation studies, we spec-
ify two commonly defined pools – gravity-drained water and
matrix water – consistent with the recent terminology used
by Brantley et al. (2017). Gravity-drained water is the most
mobile pool of water within soil that freely drains through
large pores under the force of gravity; matrix water, in con-
trast, consists of capillary and hygroscopic water that does
not drain freely under the force of gravity but is held across
a broad range of tensions by smaller pores. There is likely
a continuum of water mobility in soil from the largest pores
to the smallest pores with progressively less water mobility
as the pore size decreases (Sprenger et al., 2018). However,
we currently lack the methodology to infer the degree of con-
nectivity and dynamics of mixing over time between separate
soil water pools extracted at different applied energies.

Methods to characterize soil water pools in situ include
water vapor laser spectroscopy, which assumes that most mo-
bile soil water is in equilibrium with soil water vapor (Oerter
and Bowen, 2017), or field extraction using suction lysime-
ters (Sprenger et al., 2015). However, the analysis of soil wa-
ter isotopes more often involves water extraction in the lab
from soil samples collected in the field. The most common of
these extraction methods, in order of the lowest to the highest
amount of energy applied to the soil sample, are suction cup
lysimeters, mechanical squeezing, centrifugation, and cryo-
genic vacuum distillation (Sprenger et al., 2015). Suction cup
lysimeters typically sample water held at low tension (0.05 to
0.10 MPa) and are,therefore, limited to the analysis of only
the highly mobile fraction of soil water, but application of
much higher tensions using suction cup lysimeters is feasi-

ble (Li et al., 2007). Mechanical squeezing and centrifuga-
tion recover water across much broader tension ranges and
with no fractionation, but they are unable to drain pores with
diameters of less than 0.03 µm, i.e., to extract water held at
tensions beyond 1 MPa (Orlowski et al., 2016b; Sprenger et
al., 2015). Centrifugation is particularly useful because the
rotational velocity and the centrifuge setup are physically re-
lated to the energy applied to the soil sample and, in turn,
the pore size drained (Edmunds and Bath, 1976). Cryogenic
vacuum distillation (CVD) recovers nearly all water from a
soil sample, with the more clay- and more organic-rich soil
samples requiring greater extraction times or temperatures
(Orlowski et al., 2016a). Each method has been used to de-
termine the isotopic composition of specific pools of water
in the soil, but they are rarely employed in combination to
understand the dynamics of soil water pools that make up the
bulk water.

CVD has been separately compared to centrifugation with
the assumption that water held across matric tensions is well
mixed (Tsuruta et al., 2019), but recent findings show that
applying the two methods in combination has the poten-
tial to assess water isotope compartmentation and interac-
tions that can inform proper characterization of soil water
isotopic compositions for ecohydrological studies (Adams
et al., 2019). Adams et al. (2019) concluded that soil water
extracted using centrifugation was consistently incompletely
mixed after 72 h of equilibration time. However, their exper-
imental design precluded the analysis of the time necessary
for hygroscopic, capillary, and gravitationally drained waters
to completely mix. In addition to understanding mixing be-
tween water pools within soil, recent work has highlighted
the importance of also considering fractionations that may
affect the isotopic composition of extracted water. Isotope ef-
fects related to adhesion under various matric potentials, soil
wettability, and solid interfacial chemistry of soil particles
are important to consider (Gaj et al., 2019; Gaj and McDon-
nell, 2019).

Here, we present and evaluate a stepwise procedure to re-
cover and analyze the isotopic composition of different pools
of soil water and characterize the dynamics of their interac-
tion over time. To demonstrate the method, we confine our
initial study to soil moisture conditions near saturation and
investigate the time course of mixing between waters ap-
plied sequentially to oven-dried soil. We address the follow-
ing questions:

1. Can soil water held at different tensions be separately
extracted from the same soil sample and analyzed for
isotopic composition?

2. Do isotopically labeled fractions of water sequentially
added to dry soil thoroughly mix?

3. Can the time course for isotopic mixing be deter-
mined quantitatively for waters held at different ten-
sions within soil?
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2 Methods

2.1 Experimental design

Our experiment involved sequentially wetting oven-dried soil
using isotopically contrasting water inputs that then allowed
us to quantify the degree that separate pools of soil wa-
ter mixed over time. We used a novel combination of cen-
trifuge extraction and cryogenic vacuum distillation to re-
cover pools of soil water held at discrete ranges of tension,
spanning gravitationally drained, capillary, and hygroscopic
water pools. We first applied a small amount of isotopically
“light” water to oven-dried soil followed by nearly saturating
the soil samples with an isotopically “heavy” water. Three
pools of water were recovered from wetted soils after vari-
able mixing times via a stepwise increase of applied energy
using two centrifugation speed steps followed by distilling
the remaining water in the soil samples using cryogenic vac-
uum distillation (CVD). Subsets of samples were extracted
using CVD only (hereafter called “bulk sample extraction”
or “BSE”) either immediately after applying only the small
amount of isotopically light water (BSElight) or immediately
after adding both the isotopically light and heavy waters
(BSElight+heavy). Prior to stepwise extraction for the remain-
der of the soil samples, the light and heavy water additions
were allowed to freely mix and equilibrate under nearly sat-
urated conditions for variable amounts of time: 0 h (n= 15),
8 h (n= 3), 1 d (n= 3), 3 d (n= 3), and 7 d (n= 3). The wa-
ter recovered from each soil sample, either from BSE or step-
wise extractions, and from various time points was then an-
alyzed for hydrogen and oxygen stable isotope ratios (δ2H
and δ18O, respectively).

2.2 Experimental soil and wetting procedure

We used a sandy loam soil collected from the top 10 cm
of the surface from prairie vegetation east of Laramie, WY.
Soil was passed through a 2 mm sieve, and all coarse lit-
ter was removed except for very fine fragments. Therefore,
our experimental soil was highly homogenized and lacked
natural physical structure with complex soil aggregates. We
employed the hydrometer method to determine the soil par-
ticle size distribution using sodium hexametaphosphate as
the chemical aid for dispersion (Day, 1965). The particle
size distribution defined by the U.S. Department of Agricul-
ture classification system was 9 % clay, 32 % silt, and 59 %
sand. We constructed a soil retention curve (Fig. 1) using
previously reported parameters for modeling the water re-
tention of sandy loam soil (van Genuchten, 1980; Kosugi et
al., 2002) and also highlight the relative maximum pore size
filled across the range of matric potentials as described by
Schjonning (1992). We did not detect carbonates in the soil
using tests with 1 N HCl (Schoeneberger et al., 2012).

We prepared the homogenized soil material by oven-
drying a 350 g subsample at 105 ◦C for 48 h. We then se-

quentially applied two isotopically distinct waters to bring
the soil to near saturation. The isotopically light water used
in the experiments was local tap water from the University of
Wyoming campus in Laramie, and the heavy water was from
multiple bottles of FIJI Water (FIJI Water LLC, Los Angeles,
CA, USA). The isotope ratio value standardized to Vienna
Standard Mean Ocean Water (VSMOW) was−130±2 ‰ for
δ2H and −17.6± 0.5 ‰ for δ18O (n= 5) for the light water,
whereas it was−44±2 ‰ for δ2H and−7.3±0.4 ‰ for δ18O
(n= 5) for the heavy water. We selected these waters because
of their contrasting isotopic values that represented the nat-
ural range expected for cold season (light water) and warm
season (heavy water) precipitation in temperate continental
interior regions.

After the soil cooled from the drying procedure, we ap-
plied 20 mL of the light water with a spray bottle to the
350 g subsample; we then mixed the subsample with gloved
hands to ensure homogenous application. Between 18 and
30 g of this slightly wetted soil was gently packed to form
soil columns in each of six custom-made centrifuge inserts
(Fig. 2). The custom steel tube inserts were perforated with
small drilled holes at the bottom and fitted with a collar at
the top. The collar secured the position of the insert within
the sleeve at roughly 19 mm above the bottom to establish a
reservoir for collecting the extracted water through the per-
forated bottom during extraction by centrifugation (below).
We placed four steel screens secured by rubber o-rings at the
bottom of each insert to reduce the loss of soil while also
permitting water flow during centrifugation. In addition, we
placed a small gravity-secured cap on top of each insert to re-
duce evaporation from the soil samples in the inserts during
equilibration and centrifugation. The caps were loose enough
to not generate vacuum within the sample as water was eluted
during centrifugation. We recorded the weights of the inserts
and sleeves prior to adding the soil. Except for samples that
were immediately taken for bulk sample extraction (BSElight)
using cryogenic vacuum distillation (CVD), the packed in-
serts were then wetted from the bottom up by immersion in
a container with heavy water at a level just below the soil
level in each insert. This ensured that the soil samples were
wetted to near saturation by reducing the chance of air being
trapped within the soil matrix. We then removed a second set
of samples for bulk sample extractions (BSElight+heavy) us-
ing CVD. The remaining samples were transferred to storage
in an airtight container at 20 ◦C in the lab until the desired
equilibration time points were reached. Complete saturation
was not possible, as some water was lost from perforations
at the bottom of the inserts when they were removed from
the container of heavy water. Wetted samples were weighed
prior to the centrifuge extraction process to determine the to-
tal wetted weight and the amount of heavy water infused in
each sample.

After each centrifugation step, we recorded the weights
of the sleeves and inserts, and we collected and filtered ex-
tracted water into plastic vials with silicon caps, ready for
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Figure 1. Soil retention curve for a sandy loam soil using van Genuchten parameters for a general sandy loam (Kosugi et al., 2002). Average
volumes (V) from each extraction step of the experiment are illustrated on the right, where “LT” denotes low tension, “MT” denotes mid
tension, and “HT” denotes high tension. Vertical lines are matric potential points of interest: field capacity of −0.033 MPa and agronomic
wilting point of −1.5 MPa. The y axis is effective saturation, which is a standardized form of volumetric water content. The x axis has two
scales: the top scale is the matric potential, and the bottom scale is the relative maximum pore size filled at the respective matric potentials
(Schjonning, 1992). Samples wetted with both light and heavy waters were near but not at 100 % effective saturation.

Figure 2. (a) Image of a custom-made centrifuge insert and Sorvall
sleeve. (b) Bottom view of an insert perforated with drilled holes
to allow water movement during centrifugation. (c) Top view of an
insert and sleeve, including the steel screens at the bottom of the
insert secured with a rubber o-ring to reduce soil loss during cen-
trifugation. The steel tube inserts were fitted with a collar at the top
that secured the position of the insert within the sleeve at roughly
19 mm above the bottom to establish a reservoir for collecting ex-
tracted water through the screens and perforated bottom. The small
gravity-secured caps described in Sect. 2.2 are not shown in this
image.

stable isotope analysis. Vials with Parafilm were stored in
a 4 ◦C fridge until they were processed. The remaining wa-
ter after centrifugation was extracted using CVD ∼ 2 h to
ensure that all water was removed (West et al., 2006). We
performed the CVD procedure at 102 ◦C and <0.1–2.7 Pa
vacuum pressure, which were controlled and monitored us-
ing heating coils, thermistors, and vacuum gauges. The vac-
uum pressure used during CVD is not the same as the esti-
mated tension applied using CVD described in Sect. 2.3. The
final sample masses after extraction were compared to the
oven-dried masses to determine the recovery of the extracted
water; every sample processed in our experiment had more
than 99 % of water extracted at this step. Recent work has
highlighted that CVD near 100 ◦C or oven-drying soil near
105 ◦C does not extract all of the water from soil (Adams et
al., 2019). The amount of water not recovered using CVD
in the current study was assumed to be negligible and have
minimal impact on the isotopic values of extracted water.

2.3 Soil water extractions

We extracted water from soil using a Sorvall RC 5B Plus
centrifuge fitted with a Sorvall aluminum rotor with four
stainless-steel sleeves designed for 50 mL Falcon tubes (Sor-
vall, Newton, CT, USA). Centrifugation was performed with
the cooling function activated; the internal temperature dur-
ing centrifugation never exceeded 25 ◦C. We focused on ex-
tracting waters near two ecohydrologically relevant pressures
for the waters recovered at “low” and “mid” tension: field ca-
pacity (i.e., the point at which no more water drains freely un-
der the force of gravity) and agronomic wilting point. While
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the field capacity and wilting point vary among different soil
types and plants, respective reference values of 0.033 and
1.5 MPa for field capacity and agronomic wilting point are
useful as guidelines for understanding potential boundaries
on ecohydrologically separate water pools. Revolutions per
minute (rpm) for the centrifuge extractions at field capacity
and agronomic wilting point were calculated using an equa-
tion from Nimmo et al. (1987), which relates rotational ve-
locity to the matric potential and radii of a centrifuge setup
as follows:

9 = ρ
ω2

2

(
r2

1 − r
2
2

)
, (1)

where 9 is the matric potential (Pa), ρ is the density of wa-
ter (kg m−3), ω is the rotational velocity (s−1), r1 is the radius
(m) from the center of the centrifuge rotor to a point of in-
terest in the soil column during rotation, and r2 is the radius
from the center of centrifuge rotor to the perforated bottom
of the insert where the water drains. Due to difficulties in de-
termining the precise force distribution (Zhang et al., 2018)
and as force applied using Eq. (1) varies depending on the
r1 value selected, we used the center of the soil column as
the point of interest for r1. The first centrifuge step (“low
tension”) at ≈ 0.016 MPa was performed for 3 h at 950 rpm.
The second centrifuge step (“mid tension”) at ≈1.14 MPa
was performed for 4 h at 8000 rpm. Afterward, the remaining
water in each sample was extracted using CVD and is refer-
enced here as “high-tension” extraction; this is the fraction of
water held under high tension that is rarely directly compared
to more mobile waters within soils that have a sufficient vol-
umetric water content to permit sampling with methods like
suction lysimeters. Applied tension using CVD is estimated
to be greater than 100 MPa (Sprenger et al., 2015).

2.4 Stable isotope analysis

The stable isotope composition of water is expressed as δ val-
ues in units of per mill (‰), where δ = ((Rsample/Rstandard)
−1) ×1000. Rsample and Rstandard are the isotope ratios
of 2H/1H or 18O/16O for samples and those for the in-
ternational standard Vienna Standard Mean Oceanic Wa-
ter (VSMOW), respectively. Our measurements on samples
were corrected to the VSMOW scale using working ref-
erence waters calibrated to VSMOW and SLAP (Standard
Light Antarctic Precipitation) reference waters obtained from
the IAEA (International Atomic Energy Agency). Samples
were analyzed on a Delta V isotope ratio mass spectrometer
(IRMS) using a temperature conversion/elemental analyzer
(TC/EA) interface (Thermo Scientific Corporation, Bremen,
Germany) at the University of Wyoming Stable Isotope Fa-
cility. The analytical accuracy for the quality assessment lab
reference water was 0.33 ‰ for δ2H and 0.38 ‰ for δ18O,
while the analytical precision for the quality assessment lab
reference water was 0.98 ‰ for δ2H and 0.22 ‰ for δ18O.
We report the accuracy as the absolute difference between the

mean of the analyzed lab reference water samples (n= 15)
and the calibrated value of lab reference water. We report
precision as the standard deviation of all lab reference water
samples analyzed (n= 15).

2.5 Data analysis and mixing times

We fitted a two-part mass balance mixing model using δ2H
and δ18O data to account for the light and heavy water ap-
plied to the ovendry soil and determine the distribution of
added water across extracted fractions. Using Eq. (2) below,
all possible combinations of replicates in this study at each
equilibration time point and for each isotope (δ2H and δ18O)
were assessed (n= 54):

mLWRLW+mHWRHW =mLTRLT+mMTRMT+mHTRHT, (2)

wherem is the mass of water (in kg), and R is the isotope ra-
tio calculated from either δ2H or δ18O values for the particu-
lar water component. The left side of Eq. (2) represents water
inputs to the soil samples, whereas the right side represents
water components recovered using the stepwise extractions.
To determine the percentage of water recovered, the sum of
outputs was divided by the sum of inputs and multiplied by
100. The subscripts HW,LT,MT, and HT refer to the heavy wa-
ter added and the low-tension, mid-tension, and high-tension
extracted waters, respectively. The subscript LW refers to
light water extracted from the bulk soil extraction after only
the isotopically light water was applied (BSElight). The δ val-
ues determined for BSElight samples were used in the mass
balance model rather than that of the light water added to
accommodate for the slight δ offset between these waters.
This slight offset may have developed from evaporative frac-
tionation (Allison et al., 1983) that likely occurred when ap-
plying the light water to the recently oven-dried soil within
the dry local atmosphere of our lab, or from a small amount
of hygroscopic water adsorbed from local atmosphere once
soil was removed from the oven (Hillel, 2003). The direction
of this slight offset was not consistent with previous obser-
vations of isotope effects associated with interactions with
clay minerals (Gaj et al., 2017) or carbonates (Meißner et al.,
2014). The mass of water remaining in soil samples before
high-tension extraction was calculated using gravimetric wa-
ter contents and the mass of the soil samples after the mid-
tension centrifuge step. The mass of total water applied to
each sample was determined by adding the masses of water
remaining in the soil before high-tension extraction and the
water extracted from both centrifuge steps. The mass of light
water applied was determined by subtracting the amount of
heavy water infused in the sample (covered in Sect. 2.2) from
the mass of total water applied.

To assess the fractionation associated with evaporation, we
calculated the difference in mass for soil-filled inserts and the
corresponding extracted waters. This was evaluated through-
out the experiment between centrifuge steps as well as prior
to and after equilibration periods. We only observed differ-
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ences of less than 1 % of the mass of the extracted water in
all cases; therefore, we discounted the impacts of evaporative
fractionation on our results and in our interpretations.

We conducted a pairwise MANOVA between the paired
mean δ2H and δ18O isotope values for each of the soil water
pools extracted from the three tension ranges, the δ values
of the two applied waters, and the δ values of waters from
BSElight and BSElight+heavy samples. There was a total of
seven groups compared against one another at each of the
five time points.

Furthermore, we used a time-dependent isotope mixing
equation to approximate the time required for soils to com-
pletely mix (i.e., reach equilibrium). The model takes the fol-
lowing general form:

δ (t)= δe+ (δ0− δe)e
−kt , (3)

where t is the time since mixing (h), δ (t) is the isotope ra-
tio of water extracted at a particular tension by centrifugation
or CVD at a particular time point, δe is the equilibrium iso-
topic ratio expected for the extracted water under perfectly
mixed conditions assuming no fractionation or other effects,
δ0 is the isotopic ratio of the extracted sample at time 0, and
k is the time or proportionality constant (h−1). Because we
were interested in how the isotopic values of waters varied
with different tensions, δ0 and k were allowed to vary based
on each extracted water pool (i.e., low tension, mid tension,
and high tension). The interaction among the three pools of
water in this study within an ecohydrological perspective is
diagramed in Fig. 3.

We used data across all experiments to fit Eq. (3), which
made initial conditions (δ0) somewhat uncertain. To account
for this error and the expectation that such uncertainties
would converge as time went on, we applied a heteroskedas-
tic error term that depends on time since mixing:

σ = b0+
b1

t
, (4)

where b0 and b1 are the respective intercept and slope terms
that vary with the different extraction tensions. We deter-
mined δe from the mean value of fully mixed water inputs
on the left side of Eq. (2) from every two-part mixing model.
Mean δ values and standard deviations used for δe were
−57± 5 ‰ for δ2H (n= 27) and −8.6± 0.7 ‰ for δ18O
(n= 27), which are heavily weighted towards the value of
the heavy water, reflecting the much larger proportion of this
water in fully wetted samples.

We compared the distribution of the expected equilibrium
value (δe) to those of the different extracted fractions to eval-
uate mixing times. We considered the system to be com-
pletely mixed when the median expected δ value of the differ-
ent extracted fractions was within the 90th percent credible
interval of δe.

All statistical analyses were performed with the R v. 3.6.1
software (R Core Team, 2019). The “emmeans” R package

was used to conduct the MANOVA analysis (Lenth, 2019).
The time-dependent mixing models were analyzed using the
probabilistic programming language Stan (Carpenter et al.,
2017), with the rstan programming interface (Stan Develop-
ment Team, 2019).

3 Results

3.1 Isotope ratios of extracted waters and MANOVA

The amount of water removed from the soil within each
of the tension ranges was consistent across all samples.
The low- and mid-tension centrifuge extractions removed
71±6 % and 17±6 % (n= 27) of the soil water, respectively,
and the high-tension CVD extraction recovered the remain-
ing 12± 1 % (n= 27) of the soil water. Average volumes
from the three extraction steps in the experiment are illus-
trated on Fig. 1 in relation to the soil water retention curve
for sandy loam soil.

The isotope composition of waters extracted at the three
tensions were clearly different at 0 h after soil wetting, but
the differences diminished with the amount of time the added
light and heavy waters were allowed to interact (Fig. 4, Ta-
ble 1). The isotope ratio of water recovered using CVD of
BSElight samples (bulk sample extraction after light water
applied) indicates that the water in the sample at this step
was potentially altered slightly by evaporative enrichment of
heavy isotopes mixed into the oven-dried soil, which had a
high amount of surface area exposed to the dry local atmo-
sphere. Although this changed the isotopic value of water
in soil before the application of the heavy water, the light
waters applied and the BSElight extracted waters were not
significantly different (p>0.05). The isotope ratio values
of the BSElight+heavy samples were not significantly differ-
ent from that of the heavy waters applied (p>0.05). At 0 h,
the isotope ratio values of water extracted using centrifuga-
tion at low rotational velocity (water extracted at low ten-
sion) were not significantly different from those of either the
heavy waters applied (p>0.05) or the BSElight+heavy sam-
ples (p>0.05). However, for the samples assessed at 0 h,
the isotope ratio values among waters extracted across the
three different tensions were significantly different from one
another (p values < 0.01; Table 2). After 8 h of mixing, the
isotope ratio values of water extracted at low tension were
significantly different from that of the heavy water applied
(p<0.05), and these remained significantly different over
the remaining equilibration times (p values < 0.01). After
1 d, the isotope ratio values of the waters extracted at low
tension were not significantly different from those extracted
at mid tension (p>0.05), whereas the isotope ratio values
of water extracted at mid tension were significantly different
from those extracted at high tension (p<0.01). After 3 d of
mixing, the isotope ratio values of waters extracted at low
and high tensions remained statistically different (p = 0.05),
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Figure 3. (a) Spatial relationship of the three most commonly discussed water pools that make up the bulk water pool in soil near saturation.
Absorbed/hygroscopic water, capillary water, and gravity-drained water are depicted in a hypothetical cross-sectional view of two soil
particles within the soil matrix. (b) Relative volumes (V) of soil water pools in this study based on Fig. 1 (“LT” denotes low tension,
“MT” denotes mid tension, and “HT” denotes high tension) and the relative amount of interactions (size of black arrows) between pools
as equilibration time proceeds. (c) Three soil water pools for this study in hypothetical pore space, as diagramed in panel (a), at three
equilibration time points and various points in the water extraction sequence. Based on Fig. 1, water extracted at low tension is comprised of
gravity-drained water and capillary water, water extracted at mid tension is composed of capillary water, and water extracted at high tension
is comprised of capillary water and hygroscopic water. As equilibration time increases, each pool moves closer towards a well-mixed state
(i.e., equilibrium).

but even these were indistinguishable after 7 d of mixing
(p>0.05). Over time, the isotopic ratio values for waters re-
covered from all three tensions converged upon the expected
equilibrium value based on mass balance mixing of the two
applied waters, predominantly weighted by the heavy water
due to the proportionally much larger amount of heavy water
applied. The isotope ratio values of water extracted at high
tension were significantly different (p values <0.01) from
BSElight samples, BSElight+heavy samples, heavy water sam-
ples, and light water samples for all equilibration time points.
A shortened list of the comparisons between groups is pre-
sented in Table 2, and a complete list is found in Appendix A
(Table A1).

3.2 Two-part isotope mass balance model

The results from the mixing model using Eq. (2) were uni-
form across soil samples. The mean percentage of water re-
covered was 100.2±0.4 % (n= 27) based on δ2H data, with
a range of 99.34 % to 102.05 %, whereas the mean percent-
age of water recovered was 100.1± 0.1 % (n= 27) based on
δ18O data, with a range of 99.88 % to 100.25 %. These val-
ues suggest that all water applied was accounted for in the
extraction processes and that minimal, if any, fractionation
occurred due to evaporation.

3.3 Time-dependent mixing model

Model estimates determined from the time-dependent mix-
ing equation (Eq. 3) are provided in Figs. 5 and 6. A 1 : 1
relationship between the observed and predicted values in-
dicates that the model did reasonably well at predicting ob-
served values and their uncertainty, with only one value ob-
served outside the given uncertainty bound for δ2H (Fig. 7).
Results were generally consistent between the two isotopes;
however, δ18O expressed an upward shift in values as the
mixing time proceeded. Mean values of parameters for the
time-dependent mixing models are reported in Table 3.
δ2H values at the beginning of the experiment, across ten-

sions, were distinct from one another (Fig. 6). It took about
5 h for the isotope values of water extracted at low tension
to become similar to the expected equilibrium (i.e., well-
mixed) δe value. Water extracted at mid tension did not at-
tain a thoroughly mixed value until 12 h. It took ∼ 104 h for
the water recovered at high tension by CVD to reach the ex-
pected equilibration value. These model results suggest that
it would have taken the sequentially added waters a little
more than 4 d to completely mix and equilibrate across the
pools of soil water. δ18O values indicate possible fractiona-
tion expressed at day 3 and 7 equilibration time points with
offsets towards heavier values. Due to these offsets, prob-
ability densities were not evaluated with δ18O data, as our
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Figure 4. Isotopic values of water samples in dual-isotope space, δ2HVSMOW (‰) vs. δ18OVSMOW (‰). (a) Light, heavy, and BSE (bulk
sample extraction) waters with 95 % confidence interval ellipses generated by pooled data of light, heavy, and BSE waters, as the pooled
groups were found to be not significantly different with pairwise MANOVA (Table A1); the blue ellipse represent BSElight and light water,
and the red ellipse represent BSElight+heavy and heavy water. (b–f) Waters extracted at low, mid, and high tension for each equilibration time
point. The 95 % confidence interval ellipses from (a) are included in (b–f) for reference.

time-dependent mixing model did not account for fractiona-
tion offsets occurring during equilibration.

4 Discussion

Recent work by the ecohydrological community has empha-
sized the need to understand how the isotopic composition
of various pools of water held at a range of tensions interact
and evolve over time (Adams et al., 2019; Oerter et al., 2019;
Poca et al., 2019). Our approach successfully permitted the
analysis of the isotopic composition of water extracted at
different tensions within a single soil sample, thereby offer-
ing a method to assess the time-dependent isotopic exchange
among soil pools. We believe our approach can be extended
to investigate potential isotopic fractionations and chemical

exchanges that shape the isotopic and geochemical composi-
tion of water in different soil regions over time. Our findings
are consistent with those from other recent studies (Adams
et al., 2019), suggesting that waters occupying different pore
spaces added sequentially to dry soil do not immediately and
completely mix. Lags in isotopic mixing and equilibration
have implications for studies focused on plant water sources,
soil water age or residence times, water balance, and flux par-
titioning (Evaristo et al., 2015, 2019; Good et al., 2015; He
et al., 2019; Sprenger et al., 2018; Wang et al., 2019).

The isotopically distinct waters applied to ovendry soil in
our proof-of-concept study required more than 3 d to fully
mix and equilibrate. Even with some advection through and
out of the soil matrix during centrifugation steps as well as
possible minor gravitational downward movement of water
during equilibration storage, these results reveal relatively
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Table 1. The mean, standard deviation, and range of isotope values for each extracted water sample from each time point.

Effluent Time point Mean δ2H ‰ Mean δ18O ‰ Range δ2H ‰ Range δ18O ‰ No. of samples

Low tension: centrifuge 0 h −47± 1 −7.5± 0.3 −46 to − 50 −7.0 to − 7.9 15
8 h −53± 1 −7.8± 0.2 −52 to − 54 −7.6 to − 8 3
1 d −56± 1 −8.0± 0.2 −55 to − 56 −7.8 to − 8.2 3
3 d −56± 1 −7.8± 0 −56 to − 57 −7.8 to − 7.8 3
7 d −55± 1 −7.3± 0.3 −54 to − 56 −6.9 to − 7.5 3

Mid tension: centrifuge 0 h −65± 4 −9.2± 0.6 −60 to − 74 −8.2 to − 10 15
8 h −63± 5 −8.6± 0.4 −58 to − 67 −8.3 to − 9 3
1 d −60± 0 −8.3± 0.2 −60 to − 60 −8.1 to − 8.4 3
3 d −57± 1 −7.9± 0.2 −56 to − 58 −7.8 to − 8.1 3
7 d −55± 0 −7.0± 0.2 −55 to − 55 −6.7 to − 7.1 3

High tension: CVD 0 h −89± 10 −10.8± 1.5 −64 to − 109 −6.9 to − 13.6 15
8 h −79± 3 −9.5± 0.4 −76 to − 82 −9.0 to − 9.7 3
1 d −72± 4 −8.4± 0.2 −68 to − 75 −8.2 to − 8.6 3
3 d −65± 2 −7.6± 0.6 −64 to − 67 −7.0 to − 8 3
7 d −62± 2 −6.5± 0.5 −61 to − 64 −6.0 to − 6.9 3

Table 2. The results of pairwise MANOVA tests for the experiment with comparisons between groups of samples; group 1 compared to group
2 is shown in the respective rows. Significant values are highlighted in bold (p value≤ 0.05). Only comparisons that changed from significant
to insignificant or vice versa throughout the experiment are shown; the 16 comparisons that either remained significant or insignificant for
all time points can be found in the Appendix (Table A1).

MANOVA comparison MANOVA comparison Time point p values

Group 1 Group 2 0 h 8 h 1 d 3 d 7 d

Mid tension: centrifuge Low tension: centrifuge <0.0001 0.02 0.7 1 1
Mid tension: centrifuge High tension: CVD <0.0001 0.0001 0.005 0.1 0.2
Mid tension: centrifuge BSElight+heavy <0.0001 0.0002 0.002 0.1 0.4
Low tension: centrifuge High tension: CVD <0.0001 <0.0001 0.0001 0.05 0.3
Low tension: centrifuge Heavy water 1 0.05 0.001 0.001 0.004

long lag times for complete mixing. Complete mixing would
likely take longer for undisturbed soil samples with com-
plex aggregate structure compared with our homogenized
and disturbed soil samples. The connectivity of water pools
within and between soil aggregates and other pore regions
for undisturbed soil is likely much lower than in disturbed
soils where this complex structure has been reduced. The
time-dependent mixing model indicated that complete mix-
ing was achieved at∼ 4.33 d, and this time frame was consis-
tent with the MANOVA results between the waters recovered
at the three tensions. However, at 7 d the waters extracted un-
der high tension were significantly different from those of the
BSElight+heavy samples (MANOVA), but they were within the
90 % credible interval for δ2H of δe according to the time-
dependent mixing model. This highlights a key difference
between the statistical methods of comparison: while the
MANOVA compares the multivariate normal means across
isotopes, our mixing model analysis ignored the δ18O val-
ues due to currently unexplained (see below for further dis-
cussion) deviations in the mixing model. Nonetheless, while

these methods highlight slight differences in their estimate of
when the two added waters were completely mixed across all
extracted fractions, they both highlight the long time lags in
mixing.

The mass balance mixing model revealed that 99 % of the
water applied to the ovendry soil in our experiment was re-
covered over the sequence of centrifuge and CVD extrac-
tions, suggesting minimal losses or isotopic fractionation
with evaporation after the soils were completely wetted. We
chose to use the isotope value of the bulk water extracted af-
ter the light water was applied (BSElight) as the end-member
in the mass balance model rather than the isotope ratio value
of the light water itself. We felt this was justified for the ob-
jective of our study, which was to demonstrate the capability
of the combined centrifuge–CVD method to evaluate mixing
dynamics among different soil water pools.

We observed slightly higher δ18O values of the extracted
water pools at days 3 and 7 than predicted based on sim-
ple mixing of the two waters added to the dry soil (Fig. 5).
Because we recovered the expected mass of water (>99 %)
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Figure 5. Time-dependent mixing model curves plotted for δ2H and δ18O (‰, VSMOW) for each extracted water fraction over time. Shaded
regions are the 90th credible intervals for each curve. The dashed lines represent the 90th credible interval for the equilibrium (δe) estimate
of δ2H. δ18O measured values indicated possible fractionation offset near when equilibrium was achieved according to δ2H values. Due to
this offset, probability densities with δ18O data were not evaluated similarly to the δ2H values, as the time-dependent mixing model works
under the assumption that there are no fractionation offsets occurring. Therefore, no dashed lines are shown in the right plot for δ18O data.

Figure 6. Time-dependent model for mixing time with distributions of δ2H for each of the three extracted water fractions over time in
relation to the 90th credible interval for equilibrium value (δe, dashed lines). Panels include extraction times for the experiment as well as
important time points for mixing. At 5 h the median low-tension value was within the 90th credible interval of the equilibrium value. At 12 h,
the isotope composition of waters extracted at low and mid tension was similar to the equilibrium value. It was not until 104 h (∼ 4.33 d) that
the median isotopic value of the water extracted at high tension was also within the 90th credible interval of the equilibrium value.
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Figure 7. Comparison of predicted, with Eq. (3), and observed values for waters extracted with different tensions. The 1 : 1 line is shown.
Bars represent the credible interval (90 %) of the predicted values by time point and tension. A slight jitter (3%) has been added to the
predicted value (x axis) in an effort to display the points.

Table 3. Means and standard deviations of parameters used in the time-dependent mixing model.

δe (‰) k (102 h−1) b0 (10 ‰ ) b1 (10 ‰ h)

Isotope Effluent Mean (SD)

δ2H All −57.4 (4.8)
Low tension: centrifuge 15.8 (3.2) 8.9 (2.0) 5.1 (3.4)
Mid tension: centrifuge 3.1 (1.0) 17.7 (5.4) 29.7 (13.4)
High tension: CVD 1.6 (0.6) 40.6 (13.9) 85.7 (36.7)

δ18O All −8.6 (0.7)
Low tension: centrifuge 0.5 (0.2) 2.9 (0.6) 1.1 (10)
Mid tension: centrifuge 1.5 (0.5) 2.9 (0.9) 3.9 (1.8)
High tension: CVD 3.7 (1.4) 5.7 (1.7) 10.5 (3.7)

for these samples, we do not feel that the observed 18O en-
richment was a result of evaporation. Water interactions with
clay minerals (Gaj et al., 2017) and carbonates (Meißner et
al., 2014), in contrast, typically result in depletion of 18O
in matrix water. However, the positive shift in δ18O of soil
water observed in our study is consistent with observations
reported by Oerter et al. (2014), who found that at low wa-
ter content δ18O of matrix water increased in the presence
of clays enriched with potassium. We cannot discount the
possibility of such ionic interactions in our study. The time
course for ionic exchanges with clays that influence the oxy-
gen isotope composition of matrix water might explain why
the mixing dynamics observed in our study differed between

H and O isotopes. Identifying and analyzing such effects re-
quire more thorough analysis.

As we limited the vapor transport and advection in the cur-
rent study by holding samples in a closed, isothermal vessel
near saturation, we assume the isotope mixing among soil
pore waters was dominated primarily by self-diffusion of iso-
topologues by Brownian motion. This mixing towards equi-
librium by self-diffusion in hypothetical pore space is shown
in Fig. 3. The diffusion rate in soil solution is a function of
the diffusion coefficient for the solute of interest, a tortuos-
ity factor, volumetric water content (θ), and the solute ef-
fective concentration gradient (Chou et al., 2012). We did
not measure these variables in our study; instead, we sim-
plified the analysis by lumping these processes into a single
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empirical parameter (k) in our time-dependent mixing model
(Eq. 3). However, we expect the soil water content as well as
other features that determine tortuosity, like aggregate struc-
ture and pore size distribution will have strong influences on
the isotopic mixing times of soil water pools. For example,
complete mixing in finer textured soils and unsaturated soils
will be much longer than those reported here because of these
effects but can be assessed using the general approach we de-
scribe.

Further development of the general approach we present
should address potential artifacts related to centrifugation
and CVD as a means to extract waters sequentially from a
single sample across a range of tensions. First, the pressure
applied to the soil varies within the soil column at a single
rotational velocity depending on the distance from the cen-
ter of the centrifuge rotor. This is unavoidable, but potential
artifacts may be reduced or avoided by using low-profile cen-
trifuge vessels. Second, the tension by the soil may change
between or during centrifugation steps because the propor-
tion of small pores within the soil column increases as pores
get compacted to smaller diameters. This also is unavoidable,
and the magnitude of this effect on the distribution of isotopi-
cally distinct waters recovered at different tensions should be
explored further.

Additional improvements and expanded applications of
the combination approach we present should be considered.
For example, the use of waters with a greater isotopic dif-
ference for experimentally wetting dry soil and reversing the
order of the addition of the heavy and light waters would bet-
ter resolve rates of mixing and possible fractionation effects.
Furthermore, applying this combination method to undis-
turbed soil would need to carefully consider how soil is sam-
pled before it is placed in centrifuge inserts. Collecting field
samples directly into inserts would minimize compaction
and disturbance of aggregate structure. In addition, the oven-
drying step could be eliminated, and equilibration could be
assessed using antecedent moisture within undisturbed soil
samples. Finally, minimizing the time of centrifugation at
each step (Fraters et al., 2017) would provide more highly
resolved estimates of soil water mixing times and increase
sample throughput. Higher sample throughput is needed be-
cause the low temporal and spatial resolution of sampling
from the field often limits our ability to thoroughly test mech-
anisms that create spatial and temporal heterogeneity in the
isotopic composition of soil water (Dubbert et al., 2019).

5 Conclusion

We present a method for separately extracting water held
at different tensions within soil for isotopic analysis and
provide a quantitative framework for evaluating the time-
dependent mixing of isotopically distinct waters within a soil
sample. Our general approach could be extended to provide
a means to evaluate the time-dependent interactions among
pools of soil water and self-diffusion of water in soils with
different soil textures, for undisturbed soil cores that retain
complex structure, and under variably saturated conditions.
Additional work is needed to refine the application of the
centrifuge–CVD combination method for such studies but
embracing the general notion of a combination method will
overcome perceived limitations unique to each separate ex-
traction technique.
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Appendix A

Table A1. The p value results of pairwise MANOVA tests for the experiment with comparisons between groups of samples; group 1 compared
to group 2 is shown in the respective rows. Significant values are highlighted in bold (p value≤ 0.05). This table shows the comparisons not
displayed in Table 2.

MANOVA comparison MANOVA comparison Time point p values

Group 1 Group 2 0 h 8 h 1 d 3 d 7 d
Mid tension: centrifuge BSElight <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Mid tension: centrifuge Light water <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Mid tension: centrifuge Heavy water <0.0001 <0.0001 <0.0001 0.0004 0.006
Low tension: centrifuge BSElight <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Low tension: centrifuge BSElight+heavy 1 0.9 0.2 0.1 0.3
Low tension: centrifuge Light water <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
High tension: CVD BSElight <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
High tension: CVD BSElight+heavy <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
High tension: CVD Light water <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
High tension: CVD Heavy water <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
BSElight BSElight+heavy <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
BSElight Light water 1 0.9 0.8 0.8 0.8
BSElight Heavy water <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
BSElight+heavy Light water <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
BSElight+heavy Heavy water 0.8 0.2 0.1 0.1 0.1
Light water Heavy water <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
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